Protection of abstinent individuals from relapse is the main goal of drug dependence treatment. Relapse is frequently precipitated by exposure to small doses of the drug of abuse or exposure to the environment that was previously associated with the drug. Mice exposed to morphine (10 mg/kg) in a unique test-box environment display a conditioned place preference for this environment. Such preference can be extinguished by subsequent pairing of physiological saline administration with the same environment. Once extinguished, the original place preference can be reinstated after a priming dose (1-2.5 mg/kg) of morphine is given. However, mice treated with 7.5 (but not 3.75) mg/kg of memantine (the glutamate/NMDA receptor antagonist) during the extinction phase were insensitive to morphine's ability to reinstate the place preference 2 days after extinction conditionings. Effect of memantine was also observed when priming dose of morphine was given 21 days after extinction conditionings. In contrast, morphine's ability to reinstate conditioned response was not affected by treatment with 10 mg/kg of chlordiazepoxide, 0.5 mg/kg of LSD-25, or 1 mg/kg of morphine given during extinction conditionings. A separate experiment demonstrated that memantine (7.5 mg/kg) treatment did not affect learning. We show for the first time that memantine treatment during extinction conditionings may abolish the ability of drug-related cues to evoke reinstatement, suggesting that this NMDA receptor antagonist can be useful in preventing relapse in opioid dependent individuals.
INTRODUCTION
Drug dependence is a chronic, relapsing disorder (Leshner, 1997) and treatment efforts often focus on the prevention of relapse in abstinent individuals (McLellan et al, 2000) . Exposure to environmental cues, like drug paraphernalia or places of drug consumption, as well as re-experience of drug effects, can elicit drug craving and seeking and trigger relapse in abstinent individuals (O'Brien et al, 1998; Shalev et al, 2002) . Therefore, pharmacological treatments that would protect abstinent individuals from relapse should focus on diminishing reactivity to drug-related pharmacological and environmental stimuli, thus reducing drug craving and preventing relapse. Relapse-prevention pharmacotherapy might offer a breakthrough in the treatment of addictions, and animal models of drug relapse could be used to screen for such medication (el Guebaly and Hodgins, 1998; Shaham et al, 2003) .
Rewarding stimuli, like drugs of abuse, evoke approach behavior in both humans and laboratory animals. When these stimuli become associated with initially neutral environment, exposure to such an environment can evoke approach behavior similar to the original rewarding stimulus (Pavlov, 1927) . This observation is the basis of the conditioned place preference test (Carr et al, 1989) , in which laboratory rodents associate the effects of a drug (unconditioned stimulus) with a distinctive arm of the test apparatus (conditioned stimulus). This drug-associated environment subsequently 'represents' subjective effects of the drug and produces an 'approach response.' Laboratory animals display conditioned place preference by spending more time in the drug-associated arm of the apparatus during the postconditioning test.
Conditioned responses produced through association of drug-effects with environmental cues represent a form of memory with long-lasting effects. Memory formation and processing are dynamic in that new memories are formed on the basis of reactivated old associations. Each time a memory trace is retrieved, it is reorganized, with new information being integrated into the existing memory (Spear and Mueller, 1984; Sara, 2000) . Consequently, conditioned responses to drug-associated stimuli may be extinguished after exposure to these stimuli in a drug-free state (Numan et al, 1976; De Wit and Stewart, 1981) .
Throughout extinction, previously established responses are not eliminated but rather suppressed by newly formed associations (Pavlov, 1927; Rescorla, 2001) . Once extinguished, drug-seeking behavior can be reinstated by the noncontingent injection of the drug (De Wit and Stewart, 1981) as well as localized enhancement of glutamatergic neurotransmission (Vorel et al, 2001) .
Inhibitors of glutamatergic neurotransmission are effective in several models of drug dependence. In opioiddependent individuals, treatment with memantine, an N-methyl-D-aspartate (NMDA) channel blocker (Parsons et al, 1999) attenuated the severity of opioid withdrawal syndrome and drug craving, and it increased the retention in treatment (Bisaga et al, 2001; Krupitsky et al, 2002) . In laboratory animals, compounds that inhibit glutamatergic neurotransmission diminish the expression of conditioned place preference induced by morphine and cocaine (Popik and Danysz, 1997; Bisaga and Popik, 2000; Kotlinska and Biala, 2000; Suzuki et al, 2000; Popik et al, 2003) . However, these effects are short-lived and their relevance to the study of relapse mechanisms is not clear.
Glutamate neurotransmission appears essential to brain plasticity including learning and memory processes (for a recent review see Riedel et al, 2003) . While mesocorticolimbic dopamine systems are involved in opiate reward (Wise, 2004) including reinstatement phenomena (Shaham et al, 2003) , these systems are under the control of glutamate afferents (Siggins et al, 2003; Sesack et al, 2003) , expressing among others NMDA receptors (Gracy et al, 1997) .
We aimed to model the clinical phenomenon of relapse by investigating reinstatement of conditioned place preference in laboratory mice. We hypothesized that treatment with memantine during extinction phase of morphine-conditioned place preference would block morphine-induced reinstatement of this response.
METHODS

Subjects
Male C57BL/6J/Han/IMP mice (Nofer Institute of Occupational Medicine, Lodz, Poland), 22-24 g of body weight were group-housed in the standard laboratory cages and kept in a temperature-controlled colony room (21721C) with a 12-h light/dark cycle (light on: 0700, off: 1900). Commercial food and tap water were available ad libitum. Each experimental group consisted of 8-10 mice per treatment. All mice were used only once.
Apparatus
The place preference apparatus consisted of three rectangular arms (30 Â 15 Â 20 cm 3 ) spaced at 120 1 from each other, which were all accessible from a triangular (central) platform (Popik et al, 2003) . The apparatus was made of plastic and the three arms differed in distinctive visual, tactile, and olfactory cues. Thus, the white arm had a black floor with small holes in it and was marked with peppermint flavor, the one black arm with white rough floor was marked with anise flavor, and the other black arm with plain black floor had no flavor. One drop of the respective flavored oil (Humco, TX, USA) was placed at the end of an arm to prevent diffusion of odors into other arms. These distinct sensory cues served as conditioned stimuli. The guillotine doors, colored according to the respective wall colors, were inserted during conditioning sessions and were removed during the pre-and postconditioning tests. The ceiling of all three arms was transparent. During testing, location of the mouse was monitored through a closed circuit TV camera positioned directly above the apparatus. The apparatus had a dim indirect lighting (B14 Lux), comprising two 15 W bulbs positioned about 1 m above it. The floors were repeatedly washed and dried to keep the apparatus free of urine and feces.
Procedure
In general, experiments 1-5 were designed to first induce conditioned place preference (conditioning), second to extinguish it (extinction), and third to reinstate it with a challenge dose of morphine (priming) (see Figure 1) . Testing was carried out in an experimental room supplied with white noise by an experimenter blind to the treatment conditions.
During the adaptation period, mice were carried into the testing room, where they were weighed and handled by moving them from one standard home cage to another in the proximity of the apparatus. This adaptation phase was intended to reduce the novelty and stress associated with handling, injections, and exposure to the apparatus. During the preconditioning test, mice were placed individually on the central triangular platform of the apparatus. Animals had free access to all three arms for 20 min and the time spent in each arm as well as the number of arm entries (a raw measure of locomotor activity) were recorded. The two arms registering similar preferences were identified and subsequently, one was paired with morphine (or its vehicle) and another with vehicle administration. The mean difference between times spent during the preconditioning test in the 'rewarded' and 'nonrewarded' arms of 21 groups Figure 1 General design of experiments 1-5. All experiments were performed according to an unbiased procedure, and consisted of the following phases separated by 24 h: adaptation, preconditioning test, conditioning #1 with morphine, conditioning #2 with vehicle (conditioning phase), and postconditioning test 1. Next, conditionings #3 and #4 (extinction phase), followed by postconditioning test 2 were carried out. Finally, after 2 (Experiments 1-4) or 21 days (Experiment 5), postconditioning test 3 was performed preceded by the challenge with morphine or saline (reinstatement phase).
tested was 30.272.4 s. The unassigned arm could be either the most or least preferred of the three, and mice were not exposed to it during conditioning. This procedure was intended to reduce the initial imbalance of time spent in morphine vs vehicle-paired arms. Assignment of treatments to arms was evenly distributed and counterbalanced for mice in each group.
During conditionings #1 and #2, mice randomly assigned to treatment groups were treated with morphine (10 mg/kg) and vehicle (controls were treated with vehicle twice), immediately before being confined to the respective arm for 45 min. The postconditioning test was similar to the preconditioning test. Animals had free access to all three arms for 20 min and the time spent in each arm was recorded. The above procedure was used to demonstrate the induction of conditioned place preference. Conditionings and test sessions were separated by 24 h and between testing mice were housed in their home cages.
Design of Experiments
Experiment 1: extinction of morphine-induced place preference and its reinstatement. For the next 2 days after test 1, morphine-conditioned mice and vehicle controls were treated with saline immediately before conditionings #3 and #4 and were placed in morphine-and vehicleassociated arms for 45 min of 'extinction' period. An additional morphine-conditioned group was similarly treated twice with saline, but exposed twice to the third (un-paired, ie, neutral) arm. All three groups were challenged with saline or morphine (1 mg/kg) 20 min before postconditioning test 3.
A separate experiment assessed if place preference conditioned with morphine could be inhibited by performing repeated postconditioning tests (eg, Parker and Mcdonald, 2000) instead of receiving separate exposures to morphine-and vehicle-associated arms. Since we failed to demonstrate extinction using this method for up to 7 days, these data are not shown here.
Experiment 2: specificity of reinstatement of extinguished morphine-induced place preference. Three groups of morphine-conditioned mice and two groups of vehicleconditioned mice were treated with saline before conditionings #3 and #4 and were placed in morphine-and vehicle-associated arms for 45 min. An additional control morphine-conditioned group was treated during the extinction phase twice with morphine (1 mg/kg) instead of saline, and was similarly placed in morphine-and vehicleassociated arms. To evoke reinstatement, all these groups were challenged with saline or morphine (1 or 2.5 mg/kg), 20 min before postconditioning test 3.
Experiment 3: effects of treatment with memantine during extinction on morphine-induced reinstatement of extinguished place preference. Three morphine-and one vehicle-conditioned groups were treated with saline or memantine (3.75 or 7.5 mg/kg) 20 min before conditionings #3 and #4 and were placed in morphine-and vehicleassociated arms for 45 min. These groups were challenged with saline or morphine (1 mg/kg), 20 min before postconditioning test 3.
Experiment 4: effects of various treatments during extinction on reinstatement of morphine-induced place preference. We tested a number of hypotheses that could explain the effects of memantine. To investigate if an anxiolytic compound would inhibit the reinstatement of morphine-conditioned place preference ('anxiolytic hypothesis'), a group of morphine-conditioned mice was treated with 10 mg/kg of chlordiazepoxide during the extinction phase and was challenged with morphine. To test the 'conditioned opioid withdrawal hypothesis' (see Discussion section), morphine-conditioned mice were extinguished with 1 mg/kg of morphine and were challenged with morphine. To investigate if a potent psychoactive compound purportedly changing perception would inhibit the reinstatement of morphine-induced place preference ('psychotomimetic hypothesis'), a group of morphineconditioned mice was treated with 0.5 mg/kg of LSD-25 (D-lysergic acid diethylamide) during the extinction phase and was challenged with morphine. Finally, we investigated if memantine would produce the same effects on extinction and reinstatement when given after (rather than 20 min before) extinction conditionings #3 and #4. Thus, immediately after conditionings and before returning to their home cages, mice received injections of 7.5 mg/kg of memantine.
Experiment 5: morphine-induced reinstatement of place preference response 21 days after extinction: effects of memantine. In parallel with Experiment 3, mice were treated with saline or memantine (7.5 mg/kg) 20 min before conditionings #3 and #4. These animals were challenged with saline or morphine (1 mg/kg), 21 days after extinction conditionings, and 20 min before postconditioning test 3.
Experiment 6: effect of memantine on learning. We also investigated the possibility that the main effect could be explained by memantine-induced impairment of learning. We choose the elevated plus maze because it allows investigation of cognitive as well as anxiolytic effects of treatment. In this particular test, unlike in other tests of memory (eg, food-reinforced T-maze or footshock-reinforced passive avoidance), mice use similar repertoire of sensory cues and behavioral output as in the place preference procedure. The elevated plus maze reliably assesses the memory of exploring a specific spatial location; the shorter latency to enter the 'safe' space on second exposure serves as the measure of intact cognitive functioning (Itoh et al, 1991) .
The maze was made of black painted plywood and consisted of a central platform ( (Lister, 1987) . The apparatus was elevated to a height of 50 cm above the floor. The open arms were illuminated with two bright lamps (B1000 Lux; the enclosed arms were kept dark B16 Lux). In the first test, mice were individually placed at the end of one open arm facing away from the central platform. The latency of each mouse to find and enter (with four paws) one of the enclosed arms was measured (transfer latency 1 [TL#1]) and mice were allowed to freely explore the apparatus for the following 10 s. The second test was carried out 24 h later. As in the first test, mice were individually placed at the end of one open arm facing away from the central platform, and the latency to enter one of enclosed arms was measured (TL#2). The apparatus was cleaned and dried after each animal. At 20 min before the first test mice were pretreated with saline, 7.5 mg/kg of memantine, or 0.1 mg/kg of MK-801 (dizocilpine) used as a 'positive' control. This was designed to imitate drug treatment condition in the place preference procedure.
Drugs
Morphine HCl (Polfa, Krakow, Poland), memantine HCl (Tocris, UK, batch 4B/39049), MK-801 (( þ )-5-methyl-10,11-dihydroxy-5H-dibenzo(a,d)cyclohepten-5,10-imine maleate) (generous gift of Professor K Rice, NIDDK, NIH, Bethesda, MD, USA) and chlordiazepoxide (Polfa, Krakow, Poland) were dissolved in sterile physiological saline that served as vehicle. LSD-25 (D-lysergic acid diethylamide, Sandoz LTD, Basle, Switzerland) was used as the commercial solution. All solutions were made fresh the day of experiment. The doses of morphine are expressed as its base. All compounds were administered i.p. in the volume of 10 ml/kg.
Data Presentation and Statistics
Data were summarized as the difference (Delta [s] ) between time spent in the morphine-associated arm during a postconditioning and the preconditioning test. The data were statistically evaluated using a two-way ANOVA (Statistica 5.0 for Windows) with the postconditioned test number as the within group factor and the treatment as the between groups factor. If the interaction between these factors was statistically significant (Po0.05), data on a given postconditioned test were analyzed with separate oneway ANOVAs followed by post hoc Duncan's test. The same approach was used to analyze the number of arm entries recorded during the tests. However, with the exception of data presented on Figure 4b , these analyses did not reveal significant effects of conditionings on locomotor activity. Thus, these data are summarized as the minimal and maximal values, accompanied by corresponding two-way ANOVA results.
To assess whether control groups change their preferences for respective arms of the apparatus in the course of experiment, we carried out a series of two-way repeated measures ANOVAs with TEST NUMBER (pretest, test 1, 2, and 3) and ARM TYPE (A, B, and C; with arm A and B conditioned to the effects of vehicle and arm C being unpaired) as repeated-measure factors.
In Experiment 6, the decrease of entrance latency was summarized as the percent difference scores (TL#1 ¼ 100%, TL#2 ¼ X%) and analyzed using one-way ANOVAs and post hoc Duncan's test. Results were considered statistically significant at Po0.05.
Ethics
All experiments were carried out according to the National Institutes of Health Guide for Care and Use of Laboratory Animals (Publication No. 85-23, revised 1996), and this study was approved by the Institute of Pharmacology Animal Care and Use Bioethics Commission.
RESULTS
The validity of the experimental setup was estimated by assessing whether in control groups the distribution of time across all three arms remained stable over pre-and postconditioning tests. There were three independent vehicle-conditioned/saline-extinguished/saline-challenged groups (Groups VehVeh/SalSal/Sal; on Figures 2, 3,and 5). Three separate two-way repeated measures ANOVAs did not reveal significant interactions between test number and arm type: F(6,48) ¼ 0.80, NS; F(6,42) ¼ 1.80, NS; F(6,48) ¼ 2.09, NS, respectively. Thus, it appeared that control groups did not change their preferences for respective arms of the apparatus in the course of experiment.
In all groups conditioned to the effects of morphine, significant increase of time spent in the morphineassociated arm was observed on postconditioning test 1 (Groups MorVeh/Treatment,Treatment/Challenge in Figures 2, 3, 4a, 5, and 6).
Experiment 1: Extinction of Morphine-Induced Place Preference and its Reinstatement (Figure 2)
Extinction conditionings with the use of saline in the formerly morphine-and vehicle-associated arms produced subsequent reduction of conditioned preference on postconditioning test 2 (Group MorVeh/SalSal/Sal). However, extinction conditioning with the use of saline in the third (unpaired, ie, neutral) arm did not change place preference as assessed on postconditioning test 2 (Group MorVeh/ SalSal (neutral arm) /Mor).
Morphine-conditioned mice that were exposed to the whole apparatus every day for 7 days (repeated postconditioning tests) did not changed their preference for morphine-paired side (data not shown).
Experiment 2: Specificity of Reinstatement of Extinguished Morphine-Induced Place Preference (Figure 3) As in Experiment 1, an extinction of conditioned preference was observed in the group MorVeh/SalSal/Sal. Extinction conditionings with the use of morphine (instead of saline) also produced extinction of conditioned place preference (group MorVeh/MorMor/Sal). The challenge with 1 and 2.5 mg/kg of morphine before postconditioning test 3 produced dose-dependent-like reinstatement of conditioned preference in morphine-conditioned, saline-extinguished mice (groups MorVeh/SalSal/Mor (1 mg/kg) and MorVeh/ SalSal/Mor (2.5 mg/kg) ). However, morphine challenge produced no change in place preference in the vehicleconditioned, saline-extinguished group (VehVeh/SalSal/ Mor (1 mg/kg) ). In morphine-conditioned mice, extinction conditionings with the use of memantine produced reduction of place preference on postconditioning test 2, similar to that observed in saline-extinguished animals. Compared with saline-treated animals, administration of memantine (7.5 but not 3.75 mg/kg) blocked the ability of morphine challenge to reinstate the place preference on postconditioning test 3 (groups MorVeh/MemMem (7.5 mg/kg) /Mor and MorVeh/MemMem (3.75 mg/kg) /Mor, respectively). In vehicleconditioned mice, extinction conditionings with the use of memantine did not affect preference on postconditioning test 2 (group VehVeh/MemMem (7.5 mg/kg) /Mor), and the morphine challenge preceding test 3 did not produce reinstatement (since this group was not initially conditioned to morphine). Investigation of 'anxiolytic hypothesis' revealed that extinction conditionings with the use of chlordiazepoxide (10 mg/ kg) produced reduction of place preference on postconditioning test 2; however, the challenge with morphine before postconditioning test 3 evoked reinstatement of conditioned preference in chlordiazepoxide-extinguished mice (Group MorVeh/CdpCdp/Mor). Investigation of 'opioid withdrawal hypothesis' revealed that extinction conditionings with the use of morphine (1 mg/kg) also produced a Figure 3 Specificity of reinstatement of extinguished morphine-induced place preference. During the extinction phase, morphine-conditioned mice were treated with saline (the control group represented by dotted bars was treated with morphine) and exposed to the previously morphine-and vehicleassociated arms of the apparatus. Test 2 revealed that all groups extinguished conditioned place preference. Before test 3, mice were challenged with saline or morphine. Two-way ANOVA demonstrated significant interaction between treatment and test number: F(10,96) ¼ 4.92, Po0.001. Separate betweensubject ANOVAs for tests 1, 2, and 3 revealed the following effects of treatment: F(5,48) ¼ 5.44, 0.99 and 9.572 (Po0.001, NS and Po0.001), respectively. Post hoc Duncan's tests demonstrated significant effects of conditioning with morphine on test 1 (significance toward group 'vehicle-conditioned/salineextinguished/saline-challenged', ## Po0.01), and the effects of a challenge with morphine before test 3 (significance toward group 'morphine-conditioned/ saline-extinguished/saline-challenged' **Po0.01, ***Po0.001). Two-way ANOVA on locomotor activity data (that ranged from 21.2572.79 entrances on test 1 in vehicle-conditioned/saline-extinguished/morphine (1 mg/kg)-challenged to 35.3773.13 entrances on test 1 in vehicle-conditioned/salineextinguished/saline-challenged) revealed no significant effect of the interaction between the test number and treatment F(10,96) ¼ 0.998, NS. Figure 2 Extinction of morphine-induced place preference and its reinstatement. In Figures 2-6 , the labels refer to the treatment used during conditioning/treatment during extinction/challenge before reinstatement. N in Figures 2-6: 8-10 mice per treatment. The rewarding effects of morphine (hatched and gray bars) were tested after conditioning during test 1. During the extinction phase, mice were treated with saline and exposed to the previously morphine-and vehicle-associated arms of the apparatus (control group, represented as gray bars, was exposed to the unpaired, ie, neutral arm). Effects of this extinction procedure were assessed during test 2. At 2 days after test 2 (and 20 min before test 3), mice received morphine or saline challenge. Two-way ANOVA demonstrated significant interaction between the treatment and test number: F(4,48) ¼ 3.809, Po0.001. Separate between-subject ANOVAs for tests 1, 2, and 3 revealed significant effects of treatment: F(2,24) ¼ 11.298, 9.835, and 4.978 (Po0.001, Po0.001, and Po0.05), respectively. Post hoc Duncan's tests demonstrated significant effects of conditioning with morphine on test 1 (significance toward group 'vehicle-conditioned/extinguished with saline in the conditioned arms/saline-challenged'; ### Po0.001), and the effects of extinction with saline (significance toward group 'morphineconditioned/extinguished with saline in the conditioned arms/saline-challenged'; *Po0.05, **Po0.01). Two-way ANOVA on locomotor activity data (that ranged from 22.272.48 entrances on test 3 in morphine-conditioned/saline-extinguished/saline-challenged to 31.7572.31 entrances on test 1 in morphineconditioned/saline-(in unpaired-arm)-extinguished/morphine challenged) revealed no significant effect of the interaction between the test number and treatment F(4,48) ¼ 1.673, NS.
decrease of place preference on test 2; and morphine challenge evoked a reinstatement of place preference (group MorVeh/MorMor/Mor). Investigation of 'psychotomimetic hypothesis' revealed that extinction conditionings with the use of LSD-25 (0.5 mg/kg) produced no change in place preference as revealed on test 2 (no extinction observed), and significant preference persisted after morphine challenge on test 3 (Group MorVeh/LsdLsd/Mor). Finally, investigation of 'consolidation hypothesis' demonstrated that treatment with memantine 7.5 mg/kg immediately after (rather than before) extinction conditionings produced reduction of place preference on postconditioning test 2, Figure 4 Effects of treatment with memantine during extinction on morphine-induced reinstatement of extinguished place preference (a) and locomotor activity (b). During the extinction phase, morphine-conditioned groups and vehicle-conditioned control group were treated with saline or memantine and exposed to the arms as described in the legend to Figure 3 . Test 2 revealed that all morphine-conditioned groups extinguished place preference response. Before test 3, mice were challenged with 1 mg/kg of morphine. (a) Two-way ANOVA demonstrated significant interaction between treatment and test number: F(6,62) ¼ 5.079, Po0.001. Separate between-subject ANOVAs for tests 1, 2, and 3 revealed the following effects of treatment: F(3,31) ¼ 6.077, 0.73, and 5.638 (Po0.01, NS and Po0.01), respectively. Post hoc tests demonstrated significant effects of conditioning with morphine on test 1 (significance toward group 'vehicle-conditioned/extinguished with 7.5 mg/kg of memantine/morphine-challenged'; ## Po0.01,
###
Po0.001), and effects of treatment with memantine (7.5 mg/kg) during extinction as evaluated during test 3 (significance toward group 'morphine-conditioned/saline-extinguished/morphinechallenged'; *Po0.05, ***Po0.001). (b) Two-way ANOVA on locomotor activity data (that ranged from 13.6271.87 entrances on test 3 in morphineconditioned/7.5 mg/kg memantine-extinguished/morphine-challenged to 31.1174.28 entrances on test 3 in morphine-conditioned/saline-extinguished/ morphine-challenged) revealed significant effect of the interaction between the test number and treatment F(6,62) ¼ 4.106, Po0.01. Separate betweensubject ANOVAs for locomotor activity data on tests 1, 2, and 3 revealed the following effects of treatment: F(3,31) ¼ 0.312, 2.309, and 4.354 (NS, NS and Po0.05), respectively. Post hoc Duncan's tests demonstrated significant effects of treatment with memantine 7.5 mg/kg during extinction on locomotor activity of morphine-challenged mice revealed on test 3 (significance toward group 'morphine-conditioned/saline-extinguished/morphine-challenged'; *Po0.05).
Figure 5
Effects of various treatments during extinction on reinstatement of morphine-induced place preference. Morphine-conditioned groups were treated with 0.5 mg/kg of LSD-25, 10 mg/kg of chlordiazepoxide, or 1 mg/kg of morphine, 20 min before the extinction conditionings. Another morphineconditioned group was treated with 7.5 mg/kg of memantine immediately after the extinction conditionings. Vehicle-conditioned control group was treated with saline before the extinction phase. Before test 3, all morphine-conditioned groups were challenged with 1 mg/kg of morphine. Two-way ANOVA demonstrated significant effect of the interaction between treatment and test number: F(8,92) ¼ 3.319, Po0.01. Separate between-subject ANOVAs for tests 1, 2, and 3 revealed the following effects of treatment: F(4,46) ¼ 3.515, 3.17, and 5.836 (Po0.05, Po0.05, and Po0.001), respectively. Post hoc tests demonstrated significant effects of conditioning with morphine on test 1 ( ## Po0.01), extinction with LSD-25 on test 2 ( }} Po0.01), and extinction with LSD, chlordiazepoxide and morphine on test 3 (*Po0.05; **Po0.01) (all significant effects toward the group 'vehicle-conditioned/saline-extinguished/salinechallenged'). Two-way ANOVA on locomotor activity data (that ranged from 20.2172.29 entrances on test 3 in morphine-conditioned/memantine-(given after conditionings)-extinguished/morphine-challenged to 29.072.24 entrances on test 3 in morphine-conditioned/morphine-extinguished/morphinechallenged) revealed no significant effect of the interaction between the test number and treatment F(8,92) ¼ 1.771, NS.
but this treatment blocked the ability of morphine challenge to reinstate the place preference on postconditioning test 3 (group MorVeh/MemMem (cons) /Mor).
Experiment 5: Morphine-Induced Reinstatement of Place Preference Response 21 Days after Extinction: Effects of Memantine (Figure 6)
The challenge with morphine before postconditioning test 3 produced reinstatement of place preference in saline, but not memantine (7.5 mg/kg) extinguished mice even 21 days after the extinction sessions. In saline extinguished mice, the effect of morphine challenge approached statistical significance (P ¼ 0.053) compared to the 'challenge' with saline. However, memantine treatment during extinction phase clearly abolished the ability of morphine challenge to produce reinstatement (group MorVeh/MemMem/Mor).
Experiment 6: Effects of Memantine on Learning (Table 1) Analyses of percent difference scores and TL #2 (but not TL#1 values) revealed significant differences among groups (Table 1) . Although all treatments resulted in TL#2 shorter than TL#1, only mice treated with MK-801 demonstrated less pronounced shortening of transfer latencies on test #2 compared to that of vehicle treatment.
DISCUSSION
In the present series of experiments, the model of morphine-conditioned place preference was used to study effects of an NMDA receptor antagonist on morphineprimed reinstatement of extinguished place preference. This preclinical paradigm models one of the central features of relapse in addictive disorders, namely the reinstatement of extinguished drug-conditioned response precipitated by the administration of the drug. The face and construct validity of preclinical models of relapse is supported by human studies (De Wit, 1996) and even though some of the clinical features of addictions (including the protracted nature of conditioning phenomena) are not reflected in animal models, these models can be used to study the neurobiology of relapse (Shalev et al, 2002) .
In all morphine-conditioned groups, significant preference for the morphine-associated arm was observed on postconditioning test 1. As in the study with rats (Mucha et al, 1982) single conditioning with morphine produced significant place preference. Administration of saline before exposure to the two conditioned (formerly morphine-and Figure 6 Morphine-induced reinstatement of place preference response 21 days after extinction: effects of memantine. During the extinction phase, morphine-conditioned groups were treated with saline or memantine and exposed to the arms as described in the legend of Figure 3 . Test 2 revealed that all morphine-conditioned groups extinguished place preference response. Just before test 3, carried out 21 days after extinction conditionings, mice were challenged with 1 mg/kg of morphine. Two-way ANOVA demonstrated significant effect of the interaction between the test number and treatment F(4,46) ¼ 2.992, Po0.05. Separate between-subject ANOVAs for tests 1, 2, and 3 revealed the following effects of treatment: F(2,23) ¼ 0.08, 0.46 and 3.756 (NS, NS and Po0.05), respectively. Post hoc Duncan's tests demonstrated significant effects of treatment on test 3 (significance toward group 'morphineconditioned/saline-extinguished/morphine-challenged'; *Po0.05). In saline-extinguished mice, the difference between the effect of 'challenge' with saline and the challenge with morphine approached statistical significance ('a' P ¼ 0.053). Two-way ANOVA on locomotor activity data (that ranged from 14.571.69 entrances on test 3 in morphine-conditioned/memantine-extinguished/morphine-challenged to 28.073.0 entrances on test 1 in morphine-conditioned/ saline extinguished/morphine-challenged) revealed no significant effect of the interaction between the test number and treatment F(4,46) ¼ 0.136, NS. Presented are mean7SEM latencies (s) to enter the enclosed arm of the apparatus during the first (transfer latency 1 (TL#1)) and second (transfer latency 2 (TL#2)) tests, respectively, as well as the mean difference between these times for each group (difference (%) expressed as an average relative % decrease between TL#1 (100%) and TL#2). Statistical analyses involved one-way ANOVAs performed on TL#1, TL#2 and difference (%). Significant difference compared to vehicle treatment is indicated as **Po0.01. MK-801 treatment resulted in the reduction of latency in test #2 that was significantly less pronounced, suggesting a learning deficit.
vehicle-associated) arms of the apparatus produced extinction of established place preference response. Exposure to the third (un-paired) arm of the apparatus in the drug-free state, repeated exposures to the whole apparatus (as done with performing everyday postconditioned tests; data not shown), as well as keeping conditioned animals in their home cages for 21 days (eg Popik et al, 1998) did not change the established place preference response. Extinction was also achieved by pairing morphine administration with exposure to both conditioned arms suggesting that the differential preference to the arm originally associated with morphine was lost because the vehicle-associated arm also became associated with effects of morphine. The challenge with saline before the final test did not result in the reinstatement of extinguished response. However, challenge with morphine produced clear and dose-dependent reinstatement of place preference. Reinstatement was produced even when challenge with morphine was given 21 days following extinction. This relatively long-lasting persistence of drug-conditioned effect is consistent with clinical observations, indicating that drugconditioned responses persist for weeks or months in abstinent opioid abusers (O'Brien, 1975) .
The challenge doses of morphine (1 and 2.5 mg/kg) were chosen on the basis of our pilot experiments showing their ability to produce reinstatement (see also Wang et al (2000) for the use of low doses of morphine producing reinstatement). We explicitly attempted not to use the dose used during conditioning, as its effect would confound interpretation on the basis of the state-dependent phenomenon (conditioning and testing in the same state; Overton, 1974) .
Interestingly, administration of morphine did not produce reinstatement in mice treated with the NMDA receptor antagonist, memantine (7.5 but not 3.75 mg/kg) during the extinction phase. This inhibitory effect of memantine was observed even when mice were challenged with morphine 21 days later. However, treatment with memantine (7.5 mg/ kg) did not extinguish place preference response if the extinction conditionings were carried out in the unpaired arm, or in mice that were treated in their home cages rather than in conditioned arms of the apparatus (data not shown). A similar lack of effect of other NMDA receptor antagonists was previously reported (Popik et al, 1998) , where the intact place preference response was observed in rats treated with the drugs in home cages. Altogether, these data are consistent with earlier observations indicating considerable persistence of established place conditioning (Mueller and Stewart, 2000; Manzanedo et al, 2001) , and showing that the drug-related neuroadaptations are highly context-dependent (Siegel and Ramos, 2002) . Our data support also recent findings indicating that systemic or intra-ventral tegmental area (VTA) administration of mGluR2/3 agonist inhibits cue-induced relapse to heroin seeking in rats (Bossert et al, 2004) .
How could memantine treatment during extinction period 'protect' from the effects of morphine priming? Two processes operate simultaneously during saline-induced extinction. First, the original association is retrieved. Second, a novel association is formed between exposure to the previously drug-associated environment and the effects of saline administration. The novel association interacts with the original one in the process of re-consolidation (Spear and Mueller, 1984; Sara, 2000) . Recent data suggest that the associations that govern retrieval, reconsolidation, and coding of memories are highly dependent on glutamate transmission. Przybyslawski and Sara (1997) and Summers et al (1997) reported that NMDA receptor antagonists disrupted the performance of well-trained rats and chicks by affecting the reconsolidation of memories after their reactivation.
These mechanisms also apply to the drug-related associations. For instance, reinstatement of extinguished cocaine-seeking behavior can be induced by the electrical stimulation of the hippocampal glutamate/NMDA fibers, or via microinjection of NMDA into the VTA (Vorel et al, 2001) . Therefore, one could expect that the inhibition of NMDA receptors might produce a reverse effect. Consistent with this idea, we have previously shown that administration of the NMDA receptor antagonist into VTA inhibits the expression of place preference conditioned with morphine (Popik and Kolasiewicz, 1999) .
In the present experiments, memantine may have disrupted the processing of conditioned responses brought into the reactivated state during extinction. In mice extinguished with saline, chlordiazepoxide, or memantine during the extinction phase, the original association between the morphine-paired environment and the subjective effect of morphine becomes suppressed by a newly formed association (Schroeder and Packard, 2003) , now signaling the subjective effect of 'no-morphine'. This was revealed by the absence of conditioned preference on test 2. The original preference could be reinstated by morphine challenge in animals extinguished with saline, chlordiazepoxide, or morphine. However, in memantineextinguished mice the original association between effects of morphine and the unique environment became so altered that the reinstating-effects of morphine challenge were blocked.
This effect of memantine could not be explained by blockade of the acquisition of a novel association. If memantine blocked learning, then mice would prefer the morphine-associated arm on test 2 as if never subjected to the extinction procedure. This is also supported by the results of Experiment 6, demonstrating that in a test specifically addressing cognitive abilities of mice, memantine failed to influence the learning processes. In contrast, MK-801, the compound with known amnestic properties, attenuated learning thus supporting the original observation in this experimental setting (Itoh et al, 1991) . Therefore, we hypothesize that memantine might impair the re-consolidation of highly salient drug-related associations. This effect can be viewed as the opposite of the reinstatement produced by enhancement of NMDA/glutamate tone as described by Vorel et al (2001) .
The alternative hypothesis is that memantine treatment during the extinction phase replaced or substituted for morphine association. Treatment with memantine could possibly have had an 'over-riding' effect on previous conditionings, so that morphine prime no longer produced the reinstatement. This hypothesis appears less likely, because at the dose used here, memantine itself produces neither place preference nor aversion (Popik and Danysz, 1997; Kotlinska and Biala, 2000) . Second, during the extinction phase memantine administration was associated with the exposure to both formerly vehicle-and morphineassociated arms. This was done to prevent the 'novelty effect', that is, mice treated with a drug in one arm only could prefer it as a more interesting, due to purportedly weaker memory of 'being there'. However, the use of such a procedure also allows the exclusion of the 'overriding' hypothesis, because if memantine would 'over-ride' the previous associations, it would do so equally well to the vehicle-and drug-associations. As a result, the preference for morphine arm would be retained. This was not observed; instead, on test 2 no preference was noted. Lastly, during the extinction phase memantine was administered either before (Experiments 3 and 5) or after (Experiment 4) extinction conditionings. The effectiveness of treatment given after conditionings indicates that the process occurring after the association had happened was affected.
One could propose that memantine-treated mice were unable to recognize morphine-associated environment due to the fact that at higher doses, memantine, and other NMDA receptor antagonists, may produce psychotomimetic effects (Parsons et al, 1999) . This explanation is unlikely due to several factors. First, memantine abolished the ability of morphine to produce reinstatement when given before, but also after extinction conditionings (Experiment 4). This suggests that memantine disrupted processing of the old and new associations, rather than impaired the extinction process per se. Disturbed perception would also affect learning processes, and this was not observed in the Experiment 6. Additionally, mice treated with 0.5 mg/kg of the potent hallucinogenic drug, LSD-25, did not demonstrate extinction on test 2, and continued to prefer the morphine-associated arm. Bardo et al (1984) have demonstrated a relationship between levels of test session activity and expression of conditioned place preference. Specifically, morphine-conditioned rats given extinction training displayed more entries into the morphine-associated compartment, but did not display change in total duration spent in that environment. These findings raise the possibility that in our experiments, 'reinstating' injections of morphine could produce effects by altering activity levels during the test, rather than by reactivating a suppressed association. To test this hypothesis, the activity of mice during tests (the number of rewarded arm entries) was analyzed in a similar way as the time spent in that arm. Such analyses did not yield significant results in all experiments with the exception of Experiment 3 (Figure 4b ). Interestingly, morphine-conditioned/7.5 mg/kg memantine-extinguished/ morphine-challenged mice demonstrated less rewarded arm entries compared to similarly treated but saline-extinguished mice. Even though it may not be surprising that memantine-extinguished mice entered the rewarded arm less than saline-extinguished mice, it is unlikely that this effect explains the ability of memantine to block morphineproduced reinstatement. This is because we failed to observe changes in locomotor activity in other groups, particularly among mice extinguished with memantine given after conditionings ( Figure 5) and memantineextinguished mice tested 21 days after conditionings ( Figure 6 ). Our observations appear to agree with other findings that demonstrate the lack of a relationship between the test activity levels and expression of conditioned place preference (Shippenberg et al, 1989) .
Finally, memantine might have suppressed symptoms of conditioned opiate-withdrawal that purportedly occurred in saline-treated (extinguished) mice placed in an environment previously associated with morphine's effects ('opioid withdrawal hypothesis'). Accordingly, in memantine-extinguished mice, cues related to morphine administration could no longer evoke conditioned withdrawal and could no longer contribute to the reinstatement of place preference. Indeed, in animal models, NMDA receptor antagonists block expression of opiate withdrawal (Bisaga and Popik, 2000) and produce anxiolytic-like effects. However, memantine shows no such effects in the Vogel conflict test or the elevated plus maze (Karcz-Kubicha et al, 1997 , cf Parsons et al, 1999 . It is unknown if a single dose of 10 mg/kg of morphine used for conditioning in mice could result in measurable withdrawal as reported by Krystal and Redmond (1983) in monkeys, but such possibility cannot be ruled out. This explanation appears less likely, as Experiment 4 demonstrated that in mice extinguished with chlordiazepoxide, a known anxiolytic and opiate withdrawal blocker (eg Bhargava, 1994) , the morphine challenge produced reinstatement of conditioned response. Moreover, Experiment 4 also shows that in mice extinguished with morphine administration (that apparently would diminish purported withdrawal), morphine challenge was able to reinstate conditioned place preference.
In summary, the present findings indicate that treatment with the NMDA receptor antagonist memantine blocks the reinstatement of extinguished, morphine-conditioned responses. The 'protective' effect of brief treatment with memantine was also evident when mice were challenged with morphine 21 days after the conditioned response was extinguished. These findings suggest that memantine may also block the ability of drug-related cues to precipitate relapse in abstinent, opioid-dependent individuals. Moreover, the mechanisms mediating relapse in response to environmental cues are likely to be shared across other drugs of abuse, including alcohol (Shaham et al, 2003) . An involvement of glutamatergic mechanisms in forms of neural plasticity and in chronic effects of several drugs of abuse would support this view (Bisaga and Popik, 2000) . Therefore, findings reported here might have implications for treatment of other addictive disorders. Medication offering an extended protection against relapse may provide an important addition to psychosocial treatments. Such medication may be particularly useful in the relapseprevention phase of addiction treatment. Therefore, memantine, which is available for clinical use, may be useful in the treatment of drug dependence. Treatment trials should be conducted to establish the clinical efficacy of memantine.
